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ABSTRACT Toxoplasma gondii is an obligate intracellular parasite that has infected
one-third of the population. Upon infection of warm-blooded vertebrates, the repli-
cating form of the parasite (tachyzoite) converts into a latent form (bradyzoite) pres-
ent in tissue cysts. During immune deficiency, bradyzoites can reconvert into
tachyzoites and cause life-threatening toxoplasmosis. We previously reported that
translational control through phosphorylation of the « subunit of T. gondii eukary-
otic initiation factor 2 (elF2«) (TglF2a) is a critical component of the parasite stress
response. Diverse stresses can induce the conversion of tachyzoites to bradyzoites,
including those disrupting the parasite’s endoplasmic reticulum (ER) (ER stress). Toxoplasma
possesses four elF2a kinases, one of which (TgIF2K-A) localizes to the parasite ER anal-
ogously to protein kinase R-like endoplasmic reticulum kinase (PERK), the elF2« ki-
nase that responds to ER stress in mammalian cells. Here, we investigated the ef-
fects of a PERK inhibitor (PERKi) on Toxoplasma. Our results show that the PERKi
GSK2606414 blocks the enzymatic activity of TglF2K-A and reduces TglF2a phos-
phorylation specifically in response to ER stress. PERKi also significantly impeded
multiple steps of the tachyzoite lytic cycle and sharply lowered the frequency of bra-
dyzoite differentiation in vitro. Pretreatment of host cells with PERKi prior to infec-
tion did not affect parasite infectivity, and PERKi still impaired parasite replication in
host cells lacking PERK. In mice, PERKi conferred modest protection from a lethal
dose of Toxoplasma. Our findings represent the first pharmacological evidence sup-
porting TgIF2K-A as an attractive new target for the treatment of toxoplasmosis.
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oxoplasmosis is caused by the intracellular parasite Toxoplasma gondii, an apicom-

plexan parasite that has infected about a third of the global population (1). While
the definitive host is the cat, Toxoplasma is capable of infecting any warm-blooded
vertebrate (2). Toxoplasma invades nucleated cells and establishes a parasitophorous
vacuole, a compartment separating the replicating parasites from the host cell. Prolif-
erating parasites (tachyzoites) can differentiate into latent tissue cysts (bradyzoites) that
persist in the host and afford a means of transmission through predation (3). In
immunocompromised patients, bradyzoites can reconvert into tachyzoites, causing
reactivation of acute disease (4). Due to the lack of the immune response, the
tachyzoites continue to replicate and disseminate in the host, leading to serious
complications and morbidity. During pregnancy, tachyzoites can cross the placental
barrier and cause abortion or congenital birth defects (5). Antifolates are the primary
drugs used to treat acute toxoplasmosis; however, in addition to toxic adverse effects,
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antifolates lack efficacy against tissue cysts (6). There is a dire need for new treatments
that target both the acute and latent stages of Toxoplasma.

We previously demonstrated that translational control mediated by eukaryotic
initiation factor 2 (elF2) is a potential new drug target in apicomplexan parasites (7). The
elF2 complex delivers the initiator tRNA to ribosomes during protein synthesis. Upon
cellular stress, the « subunit of elF2 (elF2«) is phosphorylated, reducing elF2 activity
and sharply lowering translation initiation. Lowered protein synthesis allows cells to
conserve resources and reconfigure gene expression to optimize adaptation to the
stress insult (8). We previously reported that translational control directed by phos-
phorylation of the Toxoplasma gondii a subunit of elF2 (TgIF2«) is critical during both
the acute and latent stages of infection (9). Phosphorylation of TgIF2« has a protective
effect on extracellular tachyzoites or intracellular tachyzoites deprived of amino acids
(10-12). Phosphorylation of TgIF2« is also associated with the formation and mainte-
nance of bradyzoites (13).

There are multiple mammalian elF2« kinases that are activated by stress conditions,
including protein kinase R-like endoplasmic reticulum kinase (PERK) and GCN2, which
are induced by endoplasmic reticulum (ER) stress and depletion of nutrients, respectively.
Toxoplasma possesses four elF2« kinases: a PERK-related protein kinase (TglIF2K-A) that
responds to ER stress, two GCN2-like homologs (TglF2K-C and TgIF2K-D) that respond
to nutrient deprivation, and TglF2K-B, which appears to be unique to this apicomplexan
parasite (11-14). TgIF2K-A is situated in the parasite ER and upon activation by ER stress
is released from its association with the molecular chaperone BiP (HSPA5, GRP78) (13).
These key regulatory features suggest that TglF2K-A is regulated analogously to
mammalian PERK (15, 16).

Despite multiple attempts using a variety of approaches, TgIF2K-A has been refrac-
tory to genomic ablation in Toxoplasma; consistent with our inability to obtain a
TglF2K-A knockout parasite, a genome-wide loss-of-function screen using CRISPR de-
termined a fitness score of —3.35 for TgIF2K-A (13, 17). These findings suggest that
TglF2K-A is essential, making this TgIF2 kinase an attractive target for small-molecule
inhibitors. Small-molecule inhibitors of mammalian PERK which prevent autophosphor-
ylation and elF2« phosphorylation have been reported. For example, GSK2606414 (a
PERK inhibitor [PERKil) inhibits PERK activation in different cell types and has anticancer
activity in mice (18). Recently, we reported that activation of the PERK-like elF2« kinase
in the apicomplexan parasite Plasmodium falciparum, PK4 (PfPK4), increases phosphor-
ylation of P. falciparum elF2e«, leading to artemisinin-induced latency and treatment
failure in humans (19). Administration of PERKi with artemisinin blocked P. falciparum
recrudescence in vitro and in vivo (19).

In this study, we investigated the effect of PERKi on Toxoplasma. Our results show
that PERKi blocks TgIF2K-A kinase activity in vitro, prevents TglF2«a phosphorylation in
response to ER stress, and impairs tachyzoite replication. The pharmacological data
presented in this study, considered with genetic evidence, support the idea that this
elF2« kinase is an attractive target for future antiparasitic drug design.

RESULTS

PERK inhibitor GSK2606414 is active against TgIF2K-A. TglF2K-A shares critical
functional features with mammalian PERK, including localization to the ER, a dynamic
association with BiP/GRP78, and efficient phosphorylation of elF2« in vitro (13). We
sought to determine whether the human PERK inhibitor (PERKi) GSK2606414 could
inhibit TgIF2K-A kinase activity. Purified recombinant protein containing the kinase
domain (KD) of TglF2K-A fused to glutathione S-transferase (GST) at its N terminus
(TgIFK-A-KD) phosphorylated TglF2« with saturation after 60 min of reaction incubation
(Fig. 1A). The addition of PERKi sharply decreased the TglF2K-A-mediated phosphory-
lation of TgIF2« in a dose-dependent manner with a 50% inhibitory concentration (ICs,)
of 5 nM (Fig. 1B).

Inhibition of TgIF2K-A would be predicted to impair TglF2a phosphorylation in
Toxoplasma during ER stress. We previously showed that thapsigargin (TG) elicits ER
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FIG 1 PERKi impairs TgIF2K-A kinase activity. (A) Histidine-tagged TglF2« was purified from E. coli and incubated with
GST-TgIF2K-A-KD for the times shown. The amount of ATP consumed during the reaction time was measured using the
ADP-Glo kinase assay and is expressed in relative light units (RLU). Error bars represent the standard deviation (n = 3). (B)
TglF2a was incubated with TgIF2K-A-KD for 30 min in kinase reaction buffer containing different concentrations of PERKi
(0 to 2 uM). The amount of ATP consumed was measured using the ADP-Glo kinase assay, and the IC;, was calculated
(ICso = 5 nM). Error bars represent the standard deviation (n = 3). (C) Extracellular tachyzoites were treated with 1 uM
thapsigargin in the presence of different concentrations of PERKi, as indicated, or incubated with the vehicle (DMSO) for
1 h. Parasite lysates were resolved by SDS-PAGE for immunoblotting with antibodies to total and phosphorylated TglIF2a.
(D) Extracellular tachyzoites were treated with 1 uM thapsigargin (TG) or 50 nM halofuginone (HF) or exposed to
extracellular stress for 8 h in the presence or absence of PERKi (1 uM), as indicated, and vehicle (DMSO). Samples were

processed for immunoblotting as described in the legend to panel C.

stress and induces TgIF2a phosphorylation in extracellular tachyzoites (13). Inclusion of
PERKi with parasites subjected to ER stress in this manner sharply reduced the phos-
phorylation of TglF2« (Fig. 1Q).

Toxoplasma expresses four TglF2a kinases, each of which is activated by distinct
stress conditions (9). To determine if PERKi prevents TglF2«a phosphorylation specifically
during ER stress, tachyzoites were subjected to other stress conditions that should not
involve TglF2K-A. We treated parasites with halofuginone (HF), which thwarts the
aminoacylation of tRNAP™ and is a potent inducer of the elF2« kinase GCN2 (20). We
also exposed parasites to extracellular stress for 8 h, which we have shown activates
TglF2K-D (11). While PERKi prevented TglF2«a phosphorylation during ER stress, it did
not alter TglF2a phosphorylation levels in response to halofuginone or extracellular
stress (Fig. 1D). These findings indicate that PERKi subverts TglF2a phosphorylation
mediated by TglF2K-A but not that mediated by GCN2-like TgIF2Ks.

Tachyzoite replication is impaired by PERKi independently of host cell PERK. To
determine the effects of PERKi on parasite replication in vitro, we infected human
foreskin fibroblast (HFF) cells with tachyzoites stably expressing a B-galactosidase
reporter (RHB1) (21) in the presence of increasing doses of PERKi. We determined that
0.62 uM and 2.7 uM PERKi inhibited 50% and 90% of parasite replication, respectively
(Fig. 2A).

We also determined the effect of PERKi on Toxoplasma infection using a plaque
assay. HFF host cells infected with RH strain tachyzoites were treated with PERKi or
vehicle; 5 days later, the cultures were fixed and stained to measure the extent of host
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FIG 2 PERKi impairs replication of tachyzoites in vitro. (A) A colorimetric microtiter assay was performed to assess parasite growth in
a transgenic RH parasite line expressing B-galactosidase. PERKi was used over a concentration range of 0 to 20 uM and reduced the
replication of tachyzoites with an IC;, of 0.62 uM and an ICy, of 2.7 uM. The viability curve shows the means for three biological
replicates. The y axis shows the percent viability relative to vehicle treatment, and the x axis shows the log of the concentrations of
PERKi. (B) Plaque assays for wild-type RH strain parasite cultures in the presence of various concentrations of PERKi or vehicle. The
uninfected HFF monolayer was treated with 5 uM PERKi. After 5 days, the monolayers were stained to measure the area of host cell
lysis. Treated samples with results that were significantly different from those for vehicle-treated samples are indicated by asterisks
(***, P < 0.005). (C) Parasite counting assay. At the indicated time points, the number of parasites in 250 random vacuoles was plotted
as a percentage of the total number of vacuoles examined. Significant differences between PERKi-treated and vehicle-treated cells are
indicated. *, P < 0.05; **, P < 0.01; ***, P < 0.005. (D) Tachyzoites were allowed to infect MEF cells (wild-type [WT], PERK=/~, or GCN2~/~
cells) in the presence or absence of 1 uM PERKi. At 48 h postinfection, parasite replication was assessed using the PCR-based assay
for B1. Significant differences between the WT and knockout cells are indicated. *, P < 0.05. Error bars for all graphs show the standard
deviation.

cell monolayer lysis. Uninfected HFFs treated with PERKi (5 wM) were also assayed in
this fashion to assess if any host cell lysis occurred in the presence of drug alone. As
shown in Fig. 2B, PERKi greatly reduced Toxoplasma viability in a dose-dependent fashion;
note that PERKi treatment had no effect on the uninfected HFF monolayer. Parasite
doubling assays confirmed the detrimental effect of PERKi on the tachyzoite replication
rate, appearing with as little as 0.5 uM and as early as 24 h postinfection (Fig. 2C).
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FIG 3 Effects of PERKi on the tachyzoite lytic cycle and differentiation. (A and B) Attachment (A) and invasion (B) assays.
Extracellular RH strain tachyzoites were treated with the indicated concentrations of PERKi for 2, 4, or 6 h prior to infection
of HFF host cells, and dual staining allowed determination of the percentage that attached or invaded. Significant
differences between the vehicle-treated and PERKi-treated cells are indicated. ***, P < 0.005. (C) HFF monolayers were
pretreated with the indicated concentrations of PERKi for 2, 4, or 6 h prior to infection. At 5 days postinfection, monolayers
were stained to determine the percentage of host cell lysis. (D) Infected HFF monolayers were treated with the indicated
concentrations of PERKi or vehicle for 10 min. Parasite egress was stimulated by the addition of 1 uM A23187. The
percentage of egressed vacuoles in each treatment group was determined by scoring at least 100 randomly chosen
vacuoles. Significant differences between the vehicle-treated and PERKi-treated cells are indicated. ***, P < 0.005. (E) The
indicated concentration of PERKi (or vehicle) was included in cultures during the in vitro differentiation of ME49 type I
strain parasites. At day 5, differentiated cultures were incubated with lectin stain to visualize tissue cyst walls. Significant
differences between the vehicle-treated and PERKi-treated cells are indicated. **, P < 0.01. The error bars on each graph
show the standard deviation.

To address whether interference with host cell PERK also contributes to PERKi-
mediated inhibition of Toxoplasma proliferation, we infected wild-type (WT), PERK—/—,
and GCN2—/~ mouse embryonic fibroblasts (MEF) (22) and treated these infected host
cells with 1 uM PERKi or vehicle. After 30 h, we measured the number of tachyzoites
inside the MEF host cells by quantitative PCR for the parasite-specific gene region B1.
PERKi impaired the replication of tachyzoites at similar levels independently of the
presence of host PERK or GCN2 protein kinases (Fig. 2D). These data suggest that the
potential effect of PERKi on host cells at these concentrations is not a significant
contributor to its efficacy in reducing tachyzoite replication. We note that the absence
of PERK or GCN2 protein kinases in the MEF host cells led to a decreased number of
tachyzoites, suggesting that host elF2a kinases are required for optimal parasite
replication.

Effects of PERKi on attachment, invasion, and egress. We next assessed whether
PERKi affects parasite attachment and invasion. We employed a standard attachment/
invasion assay to determine if PERKi affects parasite entry into host cells (23). Pretreat-
ment of extracellular tachyzoites with PERKi for up to 6 h prior to invasion diminished
the parasite’s capacity to attach and invade host cells in both a time- and dose-
dependent fashion (Fig. 3A and B). In contrast, pretreatment of uninfected host cells
with PERKi did not affect Toxoplasma infection, bolstering support for the suggestion
that the drug directly affects the parasites (Fig. 3C).

November 2018 Volume 62 Issue 11 e01442-18 aacasm.org 5


https://aac.asm.org

Augusto et al.

100 O
_ @ Vehicle
©
>
E B 25mg/kg 1x
>
2 -4 25mg/kg 2x
GC.> 50
o S 50mgrkg 1x
[0)
o @ 50mgikg 2x
0 O Mock 50mgrkg 2x
7 8 9 T 10 1

Days Post Infection

FIG 4 PERKi prolongs the survival of mice with acute Toxoplasma infection. Female BALB/c mice were
infected i.p. with 100 RH strain tachyzoites (or were mock infected). At 12 h postinfection, the mice were
given vehicle or the indicated dose of PERKi i.p. once or twice a day (indicated by 1X or 2, respectively).
Mice (4 per group) were monitored at least three times daily, and the time to death was recorded.

We next examined whether PERKi affects parasite egress from the host cells. One
day after infecting HFF cells with Toxoplasma, egress was induced by adding the
calcium ionophore A23187. We found that PERKi, which does not induce egress
alone, reduced ionophore-induced egress more than 50% in a dose-dependent
manner (Fig. 3D).

Effect of PERKi on parasite differentiation. We previously demonstrated that
induction of ER stress in Toxoplasma triggers bradyzoite gene expression and formation of
tissue cyst walls (13). We reasoned that inhibition of TgIF2K-A by PERKi would decrease
tissue cyst formation in infected host cells. To test this hypothesis, type Il ME49 strain
parasites were used to infect HFF monolayers; at 4 h postinfection, bradyzoite conversion
was induced by alkaline stress and CO, deprivation for 5 days. The results showed that
inclusion of PERKi during differentiation significantly decreased the number of tissue cysts
generated, supporting the idea that TgIF2K-A plays a critical role in the conversion of
tachyzoites into bradyzoites (Fig. 3E).

PERKi prolongs survival of mice given a lethal dose of Toxoplasma. We exam-
ined whether PERKi protects mice from acute toxoplasmosis. Female BALB/c mice
were infected intraperitoneally (i.p.) with a lethal dose of 100 RH strain tachyzoites
and treated i.p. with 25 or 50 mg/kg of body weight PERKi once or twice daily. As
expected, infected mice treated with the vehicle control died after 9 days; increas-
ing amounts of PERKi conferred modest protection from lethal acute infection (Fig.
4). Once-a-day treatments with 25 or 50 mg/kg delayed death by 12 h. Adminis-
tration of 25 or 50 mg/kg PERKi twice a day prolonged the life of some of the mice
within the group for 30 h.

DISCUSSION

Our previous work has established that translational control through the phosphor-
ylation of TgIF2a« is a critical process as Toxoplasma progresses through its lytic cycle as
well as transitions to its latent stage (9). Here, we present pharmacological evidence
that the ER-resident TglF2« kinase TglF2K-A, a distal orthologue of mammalian PERK,
operates at multiple points in the progression of infection. Our findings using the PERKi
GSK2606414 bolster earlier genetic work that suggested that TglIF2K-A is an attractive
new drug target. With an IC;, of 0.6 uM, PERKi is a potent inhibitor of tachyzoite
replication in vitro (Fig. 2). Further characterization of the mechanism of action shows
that PERKi interferes with numerous points of the lytic cycle, including attachment/
invasion, replication, and egress. Consistent with our finding that ER stress and, hence,
TglF2K-A can induce tachyzoite-to-bradyzoite conversion in vitro, inclusion of PERKi
significantly diminished parasite differentiation. PERKi is likely to interfere with any
process in the parasite that requires the production of new proteins, which would tax
the ER and activate TglF2K-A to manage the added stress.

When examining the activities of drugs against intracellular parasites, it is always a
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FIG 5 Alignments of ER-resident elF2« kinase domains. The sequences of the kinase domains of Toxoplasma gondii TgIF2K-A, Plasmodium falciparum PfPK4,
mouse PERK, and human PERK were aligned using the ClustalW program. Residues highlighted in black are identical or similar among all four species, and those
displaying sequence divergence among individuals of a single species are highlighted in gray. Motifs comprising the kinase domain are designated | to XI. The
catalytic lysine (K) in subdomain Il and the DFG motif in subdomain VII, which plays an important role in the regulation of kinase activity, are enclosed in black
boxes. The methionine (M) gatekeeper residue inside subdomain V is indicated with a black arrow. Amino acid residues in the hinge are indicated with asterisks,
and back-pocket regions of the active site critical for binding of PERKi are boxed in gray. The sequences of TgIF2K-A (ToxoDB accession number TGGT1_229630),
PfPK4 (PlasmoDB accession number PF3D7_0628200), mouse PERK (E2AK3_MOUSE-Mus musculus, gene ID 13666), and human PERK (E2AK3_HUMAN-Homo
sapiens, gene ID 9451) were obtained from the indicated databases.

concern whether detrimental effects occur indirectly through action on the host cell.
Several lines of evidence suggest that the effect of PERKi on host cells appears to be
minimal compared to its direct activity against the parasites. First, we were able to
establish that PERKi impairs TgIF2K-A enzymatic activity in an in vitro kinase assay and
reduces TglF2a phosphorylation in parasites specifically in response to ER stress.
Pretreatment of host cells with PERKi prior to infection did not impact Toxoplasma
replication or viability. Moreover, PERKi adversely affected Toxoplasma replication in
MEF cells independently of the status of the host PERK. Finally, concentrations as high
as 5 uM (>5 times the 50% effective concentration [ECs,] for Toxoplasma) had no overt
detrimental effect on uninfected host cell monolayers.

PERKi conferred a modest degree of protection against a lethal dose of RH strain
tachyzoites in a mouse model of acute infection. Our observation that better protection
occurred in mice that received two doses per day is consistent with the findings of
other studies showing that PERKi is quickly metabolized by the liver and has a limited
half-life of 2.5 h in vivo (18). Alternative routes of administration of PERKi may increase
its bioavailability and improve its efficacy against toxoplasmosis; presently, the high
cost of PERKi makes it difficult to perform comprehensive analyses in mouse models of
infection.

These data suggest that chemical derivatives of PERKi with increased in vivo activity
against Toxoplasma are worthy of development. We previously showed that the
TglF2K-A protein sequence is highly divergent from the sequence of its human coun-
terpart (14); however, the finding that PERKi selectively inhibits TgIF2K-A suggests that
it has some shared structural and functional properties with human PERK. There are
significant sequence similarities between the protein kinase domains of human PERK
and the orthologues expressed in the apicomplexan parasites Toxoplasma and P.
falciparum (PfPK4) (24). Further scrutiny of the kinase domain sequences of TgIF2K-A
and human PERK reveals conservation of many of the residues involved in a back
pocket critical for the binding of PERKi: in human PERK, the substituted phenyl ring of
PERKi makes hydrophobic contacts with residues in the conserved aC helix, including
L642, A643, Y653, and 1885, and several of the amino acid residues that line the back
pocket are conserved between PERK and TgIF2K-A (Fig. 5). Given the selectivity of PERKi
for TgIF2K-A versus other Toxoplasma elF2« kinases and the aforementioned sequence
similarities between human PERK and TgIF2K-A in residues lining the binding pocket,
we favor a mode for PERKi binding to TglF2K-A that is similar to that described for
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human PERK. Along these lines, it might be possible to take advantage of differences
in the predicted aC face of the pocket in TgIF2K-A (such as Asn4062 and Arg4063),
exploiting the polar residues in this region of the pocket to design parasite-selective
inhibitors. Additional strategies to achieve selectivity might include the design of
irreversible inhibitors of TgIF2K-A, taking advantage of a cysteine in the hinge region
(Cys4703) or in the vicinity of the back pocket (Cys4078) (Fig. 5). However, a formal
description of the precise mode of PERKi binding to TgIF2K-A and the accessibility and
orientation of sulfhydryl groups will require structural analysis.

An unexpected finding during the course of these studies was that tachyzoites were
less efficient at replicating in MEF cells lacking PERK or GCN2 (Fig. 2D), suggesting that
host elF2a phosphorylation is beneficial for the parasite’s lytic cycle. Alternatively, these
cells are less fit to support infection due to the lack of these elF2« kinases. The role of
translational control in the host cell during infection is an unexplored area, but this
finding warrants its further investigation.

In conclusion, our studies show the first pharmacological evidence that transla-
tional control mediated by TglF2K-A is a promising target for the development of
future antiparasitics. Such inhibitors could have broad-spectrum utility against
other apicomplexan parasites, such as the malaria parasite, which also rely on their
PERK-like elF2« kinase, PK4. PK4 not only is essential for the development of the
erythrocytic cycle in malaria, but it also mediates drug-induced latency that leads
to treatment failure (19, 24).

MATERIALS AND METHODS

Chemicals. The PERK inhibitor (PERKi) GSK2606414 was purchased from Calbiochem (catalog no.
1337531-89-1) and MedChemExpress (catalog no. 133753136-8). The inhibitor was dissolved in dimethyl
sulfoxide (DMSO) and stored at —20°C. PERKi from the two vendors displayed equivalent effects against
Toxoplasma growth in vitro (data not shown). Thapsigargin and halofuginone were purchased from
Sigma-Aldrich.

Parasite culture and growth assays. Tachyzoites of the RH strain were cultivated in human foreskin
fibroblast (HFF) monolayers in Dulbecco modified Eagle medium (DMEM) supplemented with 1%
heat-inactivated fetal bovine serum (FBS) (Gibco/Invitrogen) (25). Uninfected HFF and MEF cells were
cultivated in DMEM supplemented with 10% FBS. The cultures were maintained in a humidified
incubator at 37°C with 5% CO..

The EC,,s were determined using RHB1, a transgenic line of RH that stably expresses B-galactosidase,
to quantify parasite growth by colorimetric microtiter assays as previously described (21). Tachyzoites
were allowed to invade an HFF host cell monolayer for 2 h; uninvaded parasites were then removed and
medium was replaced with medium supplemented with the concentration of PERKi or vehicle (DMSO)
indicated above and in the figures. After 96 h postinfection (hpi), chlorophenol red-B-p-galactopyranoside
(CPRG) was added to a final concentration of 100 uM. The plates were incubated at 37°C with 5% CO,
for an additional 24 h, and then B-galactosidase activity was read at 570 nm using a BioTek microtiter
plate reader.

For plaque assays, 500 parasites were used to infect HFF monolayers in 12-well plates. After 2 h, the
medium was replaced with medium supplemented with the designated concentration of PERKi or
vehicle. At 5 days postinfection, host cell lysis was determined by crystal violet staining as described
previously (25). For doubling assays, 10 tachyzoites were allowed to invade an HFF host cell monolayer
for 2 h, at which point the uninvaded parasites were removed by replacing the medium with medium
containing the concentrations of PERKi or vehicle indicated above and in the figures. At 12, 24, and 36
hpi, cells were fixed with 4% paraformaldehyde for 20 min and nuclei were stained with 4’,6-diamidino-
2-phenylindole (DAPI). The number of parasites in 250 randomly selected vacuoles was then counted.

As parasites are difficult to visualize in MEF cells, we used a PCR-based assay to determine parasite
numbers (26). Briefly, wild-type (WT), GCN2-/~, and PERK~/~ MEF cells (22) were infected with 10*
parasites; after 2 h, the medium was replaced with fresh medium containing PERKi or vehicle, as
indicated above and in the figures. At 30 hpi, genomic DNA was isolated and measured by quantitative
PCR using primers specific for a parasite-specific gene region called B1 (27).

Attachment, invasion, and egress assays. Parasite attachment and invasion efficiency were mea-
sured using a dual-staining technique as previously described (23). Briefly, tachyzoites were allowed to
infect HFF monolayers for 1 h; the cells were then washed three times to remove unattached parasites.
The cells were fixed with 4% paraformaldehyde for 20 min and blocked with phosphate-buffered saline
(PBS) supplemented with 2% bovine serum albumin (BSA). Before permeabilizing the cells, extracellular
parasites were labeled with a mouse anti-Sag1 monoclonal antibody (Invitrogen) for 1 h in blocking
buffer. After the cells were permeabilized with blocking solution containing 0.2% Triton X-100 for 30 min,
they were incubated with rabbit anti-TglF2« for 1 h (14). Secondary goat anti-rabbit immunoglobulin-
Alexa Fluor 488 and goat anti-mouse immunoglobulin-Alexa Fluor 594 (Invitrogen) were then for added
for 1 h and visualized with Vectashield mounting medium and DAPI stain (Vector Laboratories).
Intracellular and extracellular parasites were then distinguishable for counting: attached parasites
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appeared yellow, as they stained with both Alexa Fluor 488 (green) and Alexa Fluor 594 (red), whereas
intracellular parasites were green, as they stained only with Alexa Fluor 488 (green). The number of
attached parasites in 100 random fields was determined and compared to the 100% attachment for the
vehicle-treated control parasites. The efficiency of invasion was measured as the percentage of intra-
cellular parasites out of the total number of parasites.

To measure egress, tachyzoites were allowed to infect HFF monolayers for 24 h. The infected HFF cells
were then washed and incubated with Hanks’ buffered saline solution (HBSS) in the presence of PERKi
or vehicle, with 1 uM the calcium ionophore A23187 being added where indicated for 2 min at 37°C (28).
The infected HFF monolayers were then fixed with methanol and stained with differential Quik stain
(Thermo Fisher Scientific). The percentage of egressed parasites was determined by counting at least 250
vacuoles per condition.

Bradyzoite differentiation assays. Type Il strain Toxoplasma ME49 tachyzoites were allowed to
infect HFF monolayers for 2 h. After infection, the cells were washed in DMEM, and alkaline medium (pH
8.2) was added (29). After 4 h, PERKi or vehicle was added to the culture medium. Infected HFFs were
cultured at 37°C in ambient CO,, and the alkaline medium containing PERK:i or vehicle was replaced every
other day. To visualize tissue cyst walls, infected monolayers were fixed with 4% paraformaldehyde and
stained with rhodamine-conjugated Dolichos biflorus agglutinin.

Biochemical assays for elF2« kinase activity. A cDNA encoding TglF2a was amplified by PCR from
a previously reported plasmid (14) using the following primers: TgIF2PET19-forward (5'-ACGACGACAA
GCATATGGAGGGCGAGAGACGGC-3') and TglF2PET19-reverse (5'-GTTAGCAGCCGGATCCTCACGCATTTCC
ATCATCGTTATCCT-3'). The amplified DNA was purified and inserted into the expression vector
pET19b (Addgene) in the BamHI and Ndel sites. The resulting plasmid (pET19b-TglF2a) encodes
TglF2«a fused in frame to an amino-terminal polyhistidine tag. The plasmid was transformed into
Escherichia coli Rosetta(DE3) cells, and expression of the recombinant TgIF2a protein was induced for
12 h at 37°Cin the presence of 0.5 mM isopropyl B-p-1-thiogalactopyranoside (IPTG). TgIF2« was purified
from bacteria using a HisTALON kit (Clontech).

A ¢DNA encoding the protein kinase domain of TgIF2K-A (TgIF2K-A-KD) from amino acid residues
4002 to 5072 was amplified by PCR (forward primer, 5'-GAAGGTCGTGGGATCCGCTTCGAAAGA-3’; reverse
primer, 5'-GGGAATTCGGGGATCTCAGTCTCTTTCATTCTTCCCC-3") from previously described plasmid
PYES-GST-TgIF2K-A (14) and inserted into plasmid pGEX-5X1 in the BamHI site. The resulting plasmid
(pGEX-5xGST-TgIF2K-A-KD) carries the catalytic domain of TgIF2K-A-KD fused in frame with an amino-
terminal GST. The plasmid pGEX-5xGST-TgIF2K-A-KD was introduced into Rosetta(DE3) cells, and expres-
sion was induced with IPTG, as described above. The bacterial cells were collected by centrifugation and
then resuspended in a PBS solution supplemented with the protease inhibitor cocktail cOmplete and an
EDTA-free protease inhibitor cocktail (Sigma-Aldrich). Cells were lysed by sonication. The TgIF2K-A-KD
protein was purified from the lysate using GST-Bind resin (Novagen) following the manufacturer’s
instructions. After purification of the recombinant TglF2a and GST-TgIF2K-A-KD proteins, each was
dialyzed in a solution containing 50 mM NaCl and 15 mM Tris-HCl (pH 7. 4) at 4°C for 20 h. The elF2«a
kinase reaction was performed in a 50 mM NaCl and 15 mM Tris-HCl (pH 7.4) solution supplemented with
5 pg/ml TglF2a, 1 ug/ml TgIFK-A-KD, 10 mM MgCl,, and 0.5 mM ATP at 37°C for the times indicated
above and in the figure legends. Phosphorylation of TglF2a was measured using the ADP-Glo kinase
assay (Promega Corporation) as described by the manufacturer.

Inhibition of TgIF2a phosphorylation. Tachyzoites were purified from infected HFFs by syringe
passage and filtration and then incubated in DMEM supplemented with 1% FBS in the presence or
absence of a stress agent, 1 uM thapsigargin (TG; Sigma-Aldrich) or 50 nM halofuginone (HF; Sigma-
Aldrich), for 1 h at 37°C in 5% CO,. Another stress condition involved depriving extracellular tachyzoites
of host cells for 8 h (10). For each condition, the amount of PERKi indicated above and in the figure
legends was added at the initiation of each stress. Tachyzoites were lysed in PBS containing 1% Triton
X-100 supplemented with the protease inhibitor cocktail cOmplete and an EDTA-free protease inhibitor
cocktail (Sigma-Aldrich). Total protein levels were quantified using the Bradford assay (Sigma-Aldrich).
Equal amounts of total protein were separated by electrophoresis in NUPAGE 4 to 12% bis-Tris gels
(Thermo Fisher Scientific). The proteins were transferred to nitrocellulose membranes, and Western blot
analyses were performed using TglF2« total or TglF2a-phosphorylated (TglF2«-P) antibodies diluted
1:20,000 and 1:2,000, respectively, in blocking solution (Tris-buffered saline with Tween 20 and 2% BSA)
(13, 14). Secondary rabbit antibodies were used at a 1:5,000 dilution. After washing, the membranes were
incubated with a Pierce enhanced chemiluminescence Western blot substrate to visualize the proteins.

Treatment of acute toxoplasmosis in a mouse model. To test the efficacy of PERKi against acute
Toxoplasma infection in vivo, 24 5- to 6-week-old female BALB/c mice were purchased from Envigo
Laboratories, group housed with 4 per cage, and allowed to acclimate for 1 week on a 7 am. to 7 p.m.
light/dark cycle. Following acclimation, the mice were randomized on the basis of weight into six groups
(n = 4). Five of the six groups were infected intraperitoneally (i.p.) with 100 RH strain tachyzoites in sterile
PBS, isolated by syringe lysis and filtration of an infected HFF monolayer. The sixth group was mock
infected with sterile PBS alone. All groups were dosed twice per day with either vehicle (10% DMSO in
sterile PBS) or PERKi (25 mg/kg or 50 mg/kg) i.p. starting at 12 hpi. Mice were observed at 7 a.m., noon,
and 7 p.m.; percent survival was recorded at each time point. All animal research was conducted in
accordance with the animal welfare act, and all protocols were approved by the institutional animal care
and use committees at the Indiana University School of Medicine (approved protocol no. 10852).

Statistical analyses. Quantitative data are presented as the mean and standard deviation for
biological replicates (n = 3). Statistical analyses were performed using one-way analysis of variance with
Dunnett’s or Tukey’s multiple-comparison tests in Prism (version 7) software (GraphPad Software, Inc.).
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The P values are indicated in the legend of each figure. For immunoblots, the reported images are
representative of those from at least three independent experiments.
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